Coalescence of two magnetic flux ropes via collisional magnetic reconnection

Ivo Furno,* Thomas P. Intrator,! Erik W. Hemsing, and Scott C. Hsu
Los Alamos National Laboratory, M.S. E526, Los Alamos, NM 87545, USA

Paolo Ricci
Department of Physics and Astronomy, Dartmouth College, Hanover NH 03755

Giovanni Lapenta
Istituto Nazionale per la Fisica della Materia (INFM),
Unita del Politecnico di Torino, Corso Duca degli Abruzzi 24 - 10129 Torino,
Italy and Los Alamos National Laboratory, Los Alamos NM 87545
(Dated: January 31, 2005)

Quasi two-dimensional coalescence of two parallel cylindrical flux ropes and the development of
three-dimensional merged structures are observed and studied in the Reconnection Scaling Exper-
iment [Furno et al, Rev. Sci. Instrum. 74, 2324 (2003)]. These experiments were conducted in
a collisional regime with very strong guide magnetic field (Bguide > Breconnection), which can be
adjusted independently of plasma density, current density, and temperature. During initial coa-
lescence, a reconnection current sheet forms between the two flux ropes, and the direction of the
current is opposite to the flux rope currents. The measured current sheet thickness is larger than
the electron skin depth but smaller than the ion skin depth. Furthermore, the thickness does not
vary for three different values of the strong external guide field. It is shown that the geometry of the
observed current sheet is consistent with the Sweet-Parker model using a parallel Spitzer resistivity.
The flux ropes eventually become kink unstable due to increasing current, and fast-gated camera
images show the development of three-dimensional merged structures.

I. INTRODUCTION

Magnetic fields are embedded in astrophysical, solar,
space, and laboratory plasmas. For many of these cases, the
magnetic field is organized in structures called flux tubes
and/or flux ropes [1]. In this work, we define a magnetic
flux rope as a structure in which the magnetic field lines
are twisted, implying that field-aligned currents are present.
When two flux ropes are close enough, they interact. The dy-
namics and relaxation of closely interacting flux ropes can in-
volve flows, changes in field topology, dissipation of magnetic
energy, magnetic reconnection and plasma heating. Nature
provides numerous examples of dynamic flux rope interac-
tions including the evolution of solar flares [2], dynamics of
the Earth’s magnetosphere [3, 4], and possibly evolution of
astrophysical plasmas, such as galactic jets [5, 6]. In magnet-
ically confined laboratory plasmas for fusion research, flux
rope interactions can determine the dynamics of relaxation
processes, such as sawtooth oscillations in tokamaks[7], and
spheromak formation[8].

Recently, laboratory experiments in both toroidal [9-
13] and linear geometry [14]. together with numerical
simulations[15-17] have highlighted the importance of three-
dimensional (3D) effects in the dynamics of flux rope evolu-
tion.

In the Reconnection Scaling Experiment (RSX)[18] at Los
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Alamos National Laboratory, we take advantage of recently
developed plasma gun technology [19] to create parallel flux
ropes and to study their interaction in a linear geometry
that supports fully 3D evolution. The RSX axial guide field
(Bo. = 0 - 2 kGauss) can be adjusted independently of the
plasma density, temperature and current density. This inde-
pendent scalability of the ion gyroradius thus allows para-
metric scans of plasma (.

In this article, we study the coalescence of twin flux ropes
in the limit of very large guide field. We show that a cur-
rent sheet develops between the flux ropes during the co-
alescence process. The thickness of the current sheet and
the maximum current density do not depend on the guide
field, and the thickness is consistent with the Sweet-Parker
model[20, 21]using a parallel Spitzer plasma resistivity.

The remainder of the article is organized as follows. In Sec.
II, the experimental setup and diagnostics are described. In
Sec. III, we present and discuss experimental measurements
during the interaction of two flux ropes in the presence of a
strong guide field. Extensions of this work are suggested in
Sec. IV and a summary follows in Sec. V.

II. EXPERIMENT AND PLASMA DESCRIPTION
A. RSX device and plasma properties

A view of the RSX device is shown in Fig. 1(a) together
with a schematic of the linear geometry of two flux ropes.
The RSX has a cylindrical vacuum chamber with approx-
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FIG. 1: RSX experimental configuration. (a) Side view of RSX
with: (1) plasma guns, (2) vacuum vessel, (3) external anode,
(4) external magnet coils, schematic of two flux ropes with their
magnetic fields, and the coordinate system. Each flux rope cur-
rent flows in the positive z direction. (b) Expanded view of the
miniaturized plasma injector with main circuit elements (not to
scale). (c) Time history of gun bias currents during the formation
of two flux ropes.

imately 4 m length and 0.2 m radius and, for the exper-
iments presented here, is equipped with two plasma guns
[19] radially inserted from top and bottom as shown in Fig.
1. The radial distance between plasma guns can be modi-
fied to adjust the distance between the interacting flux ropes.
Each plasma gun contains a miniaturized plasma source, Fig.
1(b), with a circular 0.79 cm nozzle aperture in which a hy-
drogen plasma is produced by an arc discharge between a
molybdenum anode and cathode. The arc plasma is main-
tained for ~ 10 ms by a pulse forming network which is
energized by a capacitor bank charged up to V,,.. < 1 kV.
The arc current, I,,., rapidly increases and reaches a maxi-
mum value of about 1 kA just before the external anode is
biased. The pulse length is limited only by the gas inven-
tory inside the gun volume and the pulse forming network.
The plasma emitted from the plasma guns is immersed in
a constant, uniform, axial (in the z direction) background
magnetic field By, which can be as large as 2 kGauss.

A flux rope is created in the gun plasma by driving a
current between the gun anode and an external anode as
schematically shown in Fig. 1(b). The external anode is
a 50 cm? SS304 plate which is electrically insulated from
the vacuum vessel. Its axial location along the RSX vessel
determines the length of the flux ropes. A fraction (Ipiqs) of
the arc current is diverted from each gun, where the electron
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FIG. 2: Time history of plasma parameters during the interaction
of two flux ropes. (a) Bias current driven at each gun (Top gun:
dashed line. Bottom gun: solid line); (b) Distance between flux
rope centers dsep (¢) Peak current density driven in the current
sheet (d) Thickness of the current sheet 4.

current direction is towards the external anode. The bias
discharge is initiated approximately 1 ms after the beginning
of the arc discharge, corresponding to the maximum of 1.
Driven plasma current steadily increases after the bias is
switched on as shown in Fig. 1(c). The applied bias voltage
and the inductance of the total circuit (including the plasma)
determine the slope of the applied current ramp (typically
dIpias/dt = 10 — 20 x 10° A/s).

For the gun generated flux ropes and reconnection regions
in between them, typical density is n, ~ 0.4—5x 103 cm ™3,
electron temperature is kg7, < 7 eV early in time for ¢ <
15 ps and kpT. < 12 eV later in time for ¢t > 15 ps (the
Boltzman constant kp will be suppressed hereafter). The
reconnection region scale size is A &~ 2 c¢m, Spitzer parallel
resistivity 7 ~ 30 — 150u82-m. The reconnection magnetic
fields are on the order of By, ~ 2 — 10 Gauss, the derived
Alfvén speeds are approximately v4 ~ 1 — 6 x 10° cm/sec.
The Lundquist number defined as S = Ava/(2n)/p0) is in
the range S =~ 0.5—10. The plasma downstream of the gun is
typically 30—80% ionized, while ionization is nearly complete
near the gun nozzle. Electron-neutral collision rates are far
less than electron-ion collision rates and thus are neglected
in this work [18].

B. Diagnostics

This experimental plasma has low enough temperature
(T, < 20 eV) and short enough pulse length (< 10ms) to
enable in-situ measurements using internal probes. Provided
that the plasma dynamics are reproducible, fine spatial res-
olution in the x — y plane is achieved by moving internal
probes between RSX discharges. Probe data from different
axial ports allows assembly of 3D measurements at various
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FIG. 3: Structures of the transverse magnetic field, B, (z,y),
during the interaction of twin flux ropes at the different times
indicated in Fig. 2(a) and 5. Magnetic field lines corresponding to
lines of constant vector potential A, are also shown as continuous
lines.

z locations.

Magnetic field structures are measured using miniaturized,
2-dimensional magnetic probe arrays with 10 pick-up coils
(each with a total equivalent area-turns of 3 x 10~4m?) eq-
uispaced by 2.5 mm. Two adjacent coils measure magnetic
fields in orthogonal directions in space. Measurements in
the third spatial direction can be obtained by rotating the
probe. The signals are digitized at 20 MHz. Electron density
(ne), temperature (T,) and pressure (p. = n.T.) are simulta-
neously measured using a movable triple electrostatic probe
with a 1 mm tip separation.

Visible light (mostly H, at 656.3 nm) emitted from the
plasma is monitored with a Cooke DiCam Pro intensified
CCD camera [22, 23]. The viewing geometry of the camera is
schematically shown in Fig. 8. The camera provides two 12-
bit images per shot, each with 1280 x 1024 pixel resolution.
In the present setup, Alfvén times 74 = Ajvg ~ 0.7 -1
us are estimated to be long compared to gate times of 40 -

t=5.5 us t=8.0 us

150

J, [kKA/Im"2]

J, [KA/m"2]

[cm]

[cm]

FIG. 4: Axial current density J, at z = 50 cm evaluated along
the line that connects the centers of the two flux ropes. Different
times (same as in Fig. 3) are shown during the current ramp
up. Positive current is driven in each flux rope, which induces a
negative current sheet during the coalescence process. We define
the thickness of the current sheet § as the distance between points
where J, =0, e.g. points A and B in frame (c).

200 ns, so the images should accurately resolve the plasma
dynamics [22].

IIT. EXPERIMENTAL RESULTS

In this section, we show the first laboratory measurements
of flux rope coalescence in a linear geometry and in the pres-
ence of a strong axial guide field. We discovered that RSX
discharges are highly reproducible during the first 15 us after
the drive has started. Magnetic data and particle pressure
contours are shown in Sec. IIT A that lead to the conclusion
that magnetic reconnection occurs between the flux ropes.
The characterization of Sweet-Parker [20, 21, 24] like cur-
rent sheets in this region is explored in Sec. IIIB. For later
times, the magnetic dynamics of flux rope coalescence are
less reproducible from shot-to-shot and in section III C mul-
tiple fast images of plasma light are used to gain insight into
the development of helical structures and 3D dynamics. For
these experiments the gun parameters were: V.. = 510 V,
Iyre = 0.8 kA, Pyqs = 20 psi. Unless otherwise specified, the
background magnetic field was By, = 200 Gauss. The two
guns are spaced approximately 5.5 cm apart along a diame-
ter at z = 0 and the external anode is located at z = 40.9
m.



A. Coalescence of flux ropes

In this section, we show evidence that magnetic reconnec-
tion occurs in coalescing region between the two flux ropes,
while they are attracted to each other by 7 x B forces. This
is a strong drive that we believe compresses the plasma in
between the current channels as well as the embedded mag-
netic flux.

In Fig. 2(a), the time evolution of the bias currents for
both guns is shown during the first 13 us of the experiment.
The flux rope formation is initiated at ¢ = 0 when the arc an-
ode is biased to Vs = +200 V with respect to the external
anode. Figure 3 shows the projection of the magnetic field
in the in the x — y plane (see Fig. 1), E)J_ =B, €, +B,¢,.
These data are assembled over 40 RSX discharges with a 5
mm spatial resolution. The four frames correspond to four
different times spaced by 3 us during the current ramp up.
Color contours indicate axial current density .J,, and green
continuous lines denote constant vector potential A, corre-
sponding to magnetic field lines (§ 1 =V xA,). Current
density and xgctor potential are computed respectively from
wod, =V x B and V2A, = pugJ,.

The axial current flows in each flux rope is in the positive
z direction (from the external anode to the guns) and the
magnetic fields in between them are anti-parallel. Both flux
ropes have the same helicity (co-helicity), since By, has the
same sense relative to J, for each flux rope. The twist of
each flux rope steadily increases in time, but the external
kink mode threshold for stability is not exceeded for this
early phase [25].

—
Early in time, the magnetic field B | acquires an X-point
topology near the geometric center of the two flux ropes,
as shown in Fig. 3. The separatrix occurs at right angles,

N
satisfying approximately V x B | = 0 and no current at the
X-point is driven.

Later in time, mutually attractive 7 x B forces decrease
the separation distance as shown in Fig. 2(c), where dse,
denotes the distance between positions of maximum J, in
each flux rope. The closing velocity is a fraction of the Alfvén
speed defined using B, . As the two flux ropes approach each
other, the magnetic flux is compressed, the field lines flatten
near the neutral region and a reversed current is induced in
the negative z direction. Figure 3(b - d) show a local sheet
structure of width A which evolves from A =~ 1.7 cm at
t =55 pusto A= 2cmatt=13 us. Here, we define A as
the distance between locations along the line perpendicular
to the center-to-center line where J, = 1/4J5p,, where Jgp, is
the minimum current density in the current sheet. At these
locations, magnetic field lines are approximately parallel to
the center-to-center line. The time evolution of .J, along the
center-to-center line is shown in Fig. 4. J, peaks in each flux
rope, and the reversed current sheet has a width § we define
as the distance between J, = 0 locations along the center-to-
center line. The time histories of the peak Jg; in the current
sheet and 0 are shown respectively in Fig. 2(c) and Fig. 2(d).
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FIG. 5: Contours of electron pressure at four times that encom-
pass the creation and merging of two flux ropes. Data were
obtained by a movable triple electrostatic probe (100 RSX dis-

charges) in the x —y plane perpendicular to the axis of the device
0.5 m from the two plasma guns, background By. = 200 Gauss.

The current sheet compresses in time to a thickness é =~ 0.8
cm which corresponds to a value between the electron skin
depth ¢/wpe =~ 2 mm and the ion skin depth ¢/wpe ~ 4 cm.
This value of d represents an upper limit, since the measured
width is broadened by the spatial resolution of the magnetic
probe (5 mm) array and also by averaging over fluctuations
from shot to shot.

The plasma electron pressure contours also show the move-
ments of the current channels, and are consistent with vector
potential and current density data shown in Fig. 3. Figure
5 shows electron pressure p. = n.7T, contours in the x — y
plane at z = 0.5 m from the z = 0 plane of the two guns.
Both for early times as the flux ropes form, and later in time
as the merging and reconnection takes place. The flux rope
profiles indicate a center electron temperature of T,g ~ 7 eV
and center electron density of ney ~ 2.5 x 10 cm™3. The
shape has a full width half maximum (FWHM) of approx-
imately 3 cm. In the current sheet, the profiles indicate a
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FIG. 6: Current sheet width and current density at different val-
ues of axial magnetic field, evaluated at the time of peak layer
compression ¢ &~ 13usec. (a) Current sheet thickness (circles, left
hand axis) together with the estimated ion gyro - radius (squares,
right hand axis) (b) Reversed peak current density in the center
of the current sheet.

peak electron temperature of T, 55, ~ 2 — 4 eV and density
of nesp ~ 0.5 — 3 x 10'3 cm™3.

B. Current sheet characteristics

This section shows the first experimental evidence of a
Sweet-Parker reconnection layer in the presence of a strong
guide field.

We take advantage of one RSX experimental capability to
continuously adjust the axial guide field (Bp, = 0 - 2 kGauss)
independently of the plasma density, temperature and cur-
rent density. To test the effect of the background guide field
on the current layer geometry and coalescence dynamics, By,
was varied by a factor of four, while the other conditions were
kept constant, including dlp;qs/dt, gun current, and density.

Figure 6 shows some results from this set of experiments.
The current sheet width ¢ and the peak current density in the
center of the current sheet are shown for the three different
values of axial magnetic field (B, = 100,200,400 Gauss).
This corresponds to a ratio of guide field to reconnection field
Byec of approximately By, /Bye. ~ 10—40, where B, is the
magnetic field at the edge of the current sheet evaluated as
the component of B 1 perpendicular to the center-to-center
line. In the three cases, as a result of magnetic flux annihi-
lation, a current sheet forms with a width smaller than the
ion skin depth ¢/wp;, which for this set of experiments is ap-
proximately 4 cm. Figure 6(a) and (b) are consistent with
each other in this picture. Neither the current sheet width
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FIG. 7: Comparison of experimental aspect ratio §/A with pre-
dictions from Eq. 4 including (circles) and neglecting (squares)
the contribution from 7. The case 75 = 0 corresponds to the
original Sweet - Parker model. The grey box indicates our esti-
mated experimental error in determining the current sheet aspect
ratio. The inset shows the Sweet - Parker geometry.

nor the flux rope speed of approach seem to depend on By,.

The two dimensional Sweet-Parker reconnection model
[20, 21] can be easily derived from the plasma continuity
equation, the equation of motion, and the induction equa-
tion which can be respectively written as

on
0
P((,%+VV>V:—VP+JXB (2)
0B 1 o2

where V is the MHD flow velocity, n is plasma density
and p is the mass density.

In our set of experiments, the following assumptions hold:
plasma incompressibility (On/0t ~ 0), steady state plasma
flow (0V /0t ~ 0), uniform pressure outside the current
sheet. Negligible quantities are: pVy2 /2 in the inflow region,
B2/2u in the outflow region, and tension forces. Equa-
tions (1) and (2) can be easily reduced to veyt = Va, where
Va = B/\/mop is the Alfvén speed, and vy, = vousd/A. The
current sheet aspect ratio §/A can be estimated from Eq.
3 using the previous results. Compared with the original
Sweet - Parker model, the assumption B/9t = 0 is not
strictly satisfied in our experiment. Retaining this term in
Eq. 3 leads to the following expression
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where 74 = 0/V4, 75 = (0B, /0t)/B,, and the Lundquist
number S is evaluated using the parallel Spitzer resistiv-
ity since the current is mainly parallel the background field
B.o > Bi. In the case 7 > 0, this equation leads to an
increase of the current sheet aspect ratio with respect to the
Sweet - Parker scaling (/A ~ S~1/2).

In Fig. 7, we compare predictions from Eq. 4 with the ex-
perimental aspect ratio /A measured during the phase 8 us
< t < 13 ps in which the current sheet is clearly formed. The
grey box indicates our estimated experimental error in de-
termining the current sheet aspect ratio. The squares show
the Sweet - Parker prediction 6/A = S~/2 using the ex-
perimental value of S. The Lundquist number S < 10 puts
these data in a collisional regime. The circles show values of
0/A from Eq. 4 retaining the contribution from 75 where
B, is evaluated at the edge of the current sheet. During this
phase, the physics appears to be primarily 2D, and scales
like a Sweet-Parker current sheet.

It is interesting to note that for this narrow current sheet,
the electron drift velocity for a Maxwellian distribution with
T, ~ 3 — 4eV would need to be Vyisi/ve =~ 0.1, which ap-
pears to exceed the estimated ion acoustic speed for hy-
drogen ions although the effect of current driven micro-
instabilities may be small in this collisional regime.

We remark that in a more collisionless regimes and plasma
0 =~ 1, previous experiments have shown that the current
sheet width is determined by the ion gyro-radius[10] [26]. In
collisionless regimes and low g plasmas, this dependence has
not been observed[27].

C. Kink dynamics and 3D flux rope merging

In this section, we show evidence for the coalescence of
flux ropes during a fully 3D process in which the coalescence

dynamics coexists with the kink mode dynamics. Late in
time, the flux rope dynamics become less reproducible from
shot to shot, so that single shot data acquisition becomes a
more useful way to diagnose the plasma behavior. Here we
use images of visible light emission, such as in Fig. 8, which
shows a time sequence of false color images (40 - 200 ns gate
time) of two flux ropes. The viewing perspective is end-on
through a window at the chamber end, so that the plasma
guns appear silhouetted in the foreground (Fig. 8(a)). In
Fig. 8(a), straight flux ropes are visible. A detailed study
of the early phase (¢ < 15 ps) has been reported in Ref.
[22] showing that the dynamics extracted from visible light
images is in excellent agreement with measurements from in
situ diagnostics.

Later, as Ip;qs continues to increase, each rope begins to
twist into a helical structure, Fig. 8(b). The time value does
not represent the onset of this particular mode, but rather a
period where such distinct structure is clearly visible. The
dominant azimuthal mode number of the helix is m = 1 as
determined from an external array of four equally spaced az-
imuthal magnetic coils. Preliminary magnetic measurements
on a single flux rope suggest that the onset of the mode is
consistent with the Kruskal - Shafranov[25] limit for the ex-
ternal kink 2wa By, /[LB (r = a)] = 1, where L is the length
of the flux rope and a is the radius where the self-generated
azimuthal magnetic field B, is maximum.

As a consistency check, we note that the onset of heli-
cal structures corresponds to an increase in the overall in-
ductance of the plasma / switching circuit. This should be
generally true for flux ® conserving motions in magnetic cir-
cuits with dissipated inductive energy W = 1LI? = ®2/2L
[28]. Figure 8(c), shows that at ¢t = 43 us the two flux ropes
remain distinct near the plasma guns but have merged into
one single flux rope further down the axis of the RSX device.
Density and temperature measurements at two different ax-
ial locations (not shown here) suggest that the coalescence
process starts at the external anode and proceeds towards
the gun like a zipper effect.

A quantitative analysis of the complex 3D physics of the
coalescence process will require single-shot 3D diagnostics
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FIG. 9: Electron heating during a 300 W pulse (small fraction of
this was actually coupled to the plasma) of RF power. The after-
glow lasts over 20 ps, which allows a long RF free time interval
with elevated Te, S to do experiments

which are presently under construction, and will be the sub-
ject of future investigations.

IV. FUTURE DIRECTIONS

Presently, we are investigating the production of higher
Lundquist number plasmas to access collisionless regimes.
The Lundquist number depends strongly on the electron

temperature (S o T3/ 2). A shorter column allows a longer
kink stable time period and higher electron temperature.
Radio frequency (RF) heating can also greatly increase the
electron temperature. Figure 9 shows preliminary results
from an experiment in which the flux rope goes through the
aperture in a RF antenna. The electron temperature can be
increased manyfold. For L mode scaling [29], which balances
auxiliary heating with loss flows, the increase of T, scales as
the square root of RF power. Therefore our existing 10 kW
transmitter should increase T, shown in Fig. 9 by a factor
5 — 6 over the 300 W case shown in Fig. 9. The elevated
temperature lingers during an afterglow, when there is no
RF to confuse the experimental interpretation.

In a collisionless regime and 3 > m./m;, Ricci et al [30],
have shown that magnetic reconnection signatures (such as
the patterns of the electron density and of the out-of-plane
magnetic field) are strongly influenced by the plasma 3. One
key attribute of RSX is the ability to continuously adjust
plasma § from 8 << 1 up to 8 ~ 1 by varying the axial
magnetic field, independent of the plasma and current den-

sity. In future experiments, we will investigate the signatures
of magnetic reconnection by varying the axial guide field in
a collisionless regime. Moreover, experiments will be per-
formed at guide field By, ~ 1.5 — 2kG, which would allow
data at 8 < m./m; ~ 5 x 10~*, where theoretical predic-
tions indicate that qualitatively different physics dominate
the reconnection dynamics[24].

A comprehensive understanding of the dynamics of flux
rope coalescence requires detailed 3D measurements at dif-
ferent axial positions along the device. These experiments
are presently ongoing and preliminary measurements at two
axial locations suggest that axial pressure gradient terms can
be significant in the generalized Ohm’s law.

V. SUMMARY

We presented first evidence of coalescence of magnetic flux
ropes in a collisional plasma and in the presence of a strong
guide field. Quasi two-dimensional coalescence of two par-
allel flux ropes and the development of three-dimensional
merged structures are observed and studied in the Recon-
nection Scaling Experiment.

During initial coalescence, a reconnection current sheet
with a reversed induced current forms between the two flux
ropes. The measured current sheet thickness is larger than
the electron skin depth but smaller than the ion skin depth.
Furthermore, the thickness does not vary for three different
values of the strong external guide field. It is shown that the
geometry of the observed current sheet is consistent with the
Sweet-Parker model using a parallel Spitzer resistivity. The
flux ropes eventually become kink unstable due to increasing
current, and fast-gated camera images show the development
of three-dimensional merged structures.

Several experimental improvements can facilitate access
to more collisionless regimes and higher Lundquist number.
The linear geometry simplifies analysis, interpretation, and
modeling of experimental results. This capability allows us
to investigate the effects of the axial guide field on magnetic
reconnection.
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